Microbialites, often considered as a signal of extreme marine environment, are common in the Lower Triassic strata of South China where they flourished in the aftermath of the end-Permian mass extinction. Early Triassic microbialite facies are known to vary palaeogeographically, perhaps due to differing climates, ocean chemistry, and water depths. This paper provides the first record of a brief, but spectacular development of microbialites in the aftermath of the end-Permian mass extinction at Panjiazhuang section, Changxing Region of Zhejiang Province (eastern South China). Here, the Upper Permian Changxing Formation comprises typical shallow platform facies rich in calcareous algae and foraminifera, the development of which was terminated by the major end-Permian regression. A 3.4-m-thick microbialite began to form at the onset of the transgression in the earliest Triassic. The microbialite at Panjiazhuang section is composed of thrombolite that contains abundant calcified cyanobacteria, small gastropods, microconchid tubes and ostracods, representing a low-diversity shallow marine community in the aftermath of the end-Permian crisis. The microbialites are succeeded by thin-bedded micrites bearing thin-shelled bivalves, which record a rapid sea-level rise in the Early Triassic. Abundant populations of small pyrite framboids are observed in the upper part of the microbialites and the overlying thin-bedded micrites, suggesting that dysoxic water conditions developed at that time. The appearance of microbialites near the Permian-Triassic boundary (PTB) at Panjiazhuang section was the result of peculiar marine conditions following the end-Permian regression, whilst their disappearance was due to the increasing water depth and the development of dysoxia.
Introduction
The end-Permian mass extinction was a result of catastrophic changes in terrestrial (Benton and Newell 2014; Hochuli et al. 2017 ) and marine (Chen and Benton 2012; Payne and Clapham 2012; Yin et al. 2012; Song et al. 2013) environments. The latest Permian is also associated with a major, global regression (Newell 1967; Hallam and Wignall 1999; Heydari et al. 2003; Wu et al. 2010; Farabegoli and Perri 2012; Yin et al. 2014) , which was succeeded by a transgression and drowning of emergent platforms during the Early Triassic. The associated changes in marine environments affected organisms and their host sedimentary facies. This is particularly clear in shallow carbonate platform settings of the Peri-Tethys Ocean where Late Permian bioclastic limestones enriched in benthic fossils were replaced by microbialites in the Early Triassic (Kershaw et al. 1999 (Kershaw et al. , 2012 Lehrmann 1999; Ezaki et al. 2003; Lehrmann et al. 2003; Wang et al. 2005; Baud et al. 2007; Liu et al. 2007; Yang et al. 2006 Yang et al. , 2011 Adachi et al. 2017; Deng et al. 2017; Fang et al. 2017; Tang et al. 2017; Pei et al. 2019) .
Permian-Triassic boundary (PTB) microbialites exist in various forms, including stromatolites, thrombolites and dendrolites (Wang et al. 2019 , and references therein). Most PTB microbialites are formed from calcified cyanobacteria, and also include miniaturized gastropods, ostracods and microconchids (Yang et al. , 2015a (Yang et al. , 2015b Wu et al. 2016 ) that point to the development of a relatively simple marine ecosystem of low diversity and tiering in the aftermath of the end-Permian extinction. South China is a key region for the study of PTB microbialites due to their abundance and vast distribution in the area. South China microbialites have mostly been described from the middle and upper Yangtze Platform (Zhu et al. 1994; Kershaw et al. 1999 Kershaw et al. , 2002 Ezaki et al. 2003; Wang et al. 2005; Wu et al. 2006 Wu et al. , 2007 Yang et al. 2006; Tang et al. 2017 ) and isolated platforms from the Nanpanjiang Basin (Lehrmann 1999; Yang et al. 1999; Lehrmann et al. 2003; Krull et al. 2004; Liu et al. 2007; Ezaki et al. 2008; Luo et al. 2011; Fang et al. 2017) . In contrast, published occurrences of PTB microbialites from the lower Yangtze Platform are restricted to one example reported from Xishan of Jiangsu Province (Zheng et al. 2016) . Recent study has shown that these microbialites have diverse structures that include stromatolites, tabular and domal thrombolites, and achieve quite variable thickness throughout the region (Wang et al. 2019) , perhaps a function of the original topography of the seafloor and/or distance from land (Wang et al. 2019) . Further data from sections in various palaeogeographic settings are required for an improved understanding of the geological background of PTB microbialites. We report a newly-discovered PTB microbialite from the Panjiazhuang section in Changxing, Zhejiang Province, 20 km to the east of the PTB Global Stratotype Section and Point (GSSP) at Meishan.
Globally, PTB microbialites are generally restricted to the Palaeo-Tethys region, apart from a Panthalassan example reported from Japan (Sano and Nakashima 1997) .
Although the lower Yangtze Platform is commonly regarded as part of the Palaeo-Tethys, its eastern part was adjacent to Panthalassa. Our newly-described microbialites from the lower Yangtze Platform represent an unusual and important record of marine environments during the aftermath of the PTB biotic extinction in this transitional region. The Panjiazhuang locality is close to the relatively deep ramp facies GSSP of Meishan and thus provides a good opportunity for correlation of sedimentary and palaeoecological evolution between the various facies and successions preserved in the Lower Yangtze area.
Geological setting and the Panjiazhuang succession
Upper Permian strata in South China can be divided along palaeogeographic lines into: (1) deep-water siliceous-argillaceous facies that occur in a long and narrow region along the middle to lower modern Yangtze River; and (2) shallow water carbonate platform facies that dominate the southern part of this region (Fig. 1) . The major regression at the end of the Permian resulted in the subaerial exposure and extensive erosion of shallow-water carbonate platforms (Yin et al. 2014) . The succeeding transgression led to the widespread formation of microbialite across these partially eroded platforms. Several of these microbialites have been dated using conodonts, which suggest that the microbialites are a diachronous unit that formed between the end-Permian and the Early Triassic (Liu et al. 2007; Jiang et al. 2014; Wang et al. 2016) . Newly explored sections including Xishan (Zheng et al. 2016 ), and Panjiazhuang, as well as data from Songshan (Wang et al. 1990) , show that the distribution of platform carbonates in the Lower Yangtze area is larger than suggested by Feng et al. (1997) . A modified palaeogeography based on that of Feng et al. (1997) is used in this study (Fig. 1) .
The Permian-Triassic strata of the Lower Yangtze area have been the subject of concerted research effort, and include the well-known Meishan GSSP (Yin et al. 2001; Xie et al. 2005; Shen et al. 2011; Li et al. 2016) . The Meishan section itself, has been considered to record sedimentation in a platform ramp setting during the end Permian due to the presence of turbidites in the succession . However, detailed carbonate microfacies analysis has revealed that the influence of turbidity currents on deposition at Meishan section was negligible, and so a lower shelfal setting remains a possibility for Meishan section. Not far from Meishan section, the Huangzhishan section in southeastern Changxing County preserves abundant calcareous sponges, suggestive of the deposition on a carbonate platform (Chen et al. 2009b ). However, the lack of microbialites at Huangzhishan section indicates that the water depth around the PTB interval was probably deeper than that of a typical shallow platform. In contrast, our newly studied Panjiazhuang section (31°02′40″N, 119°51′35″E), 20 km east of the GSSP at Meishan, contains abundant Late Permian calcareous algae, typical for an upper marine shelf setting. Microbialites in the aftermath of the end-Permian extinction at Panjiazhuang section are comparable to those reported from other contemporaneous shallow carbonate platform settings in South China, but with some differences, described below.
Until recently, the age of the South China microbialites has not been fully understood. Early studies found the basal Triassic conodont Hindeodus parvus within the microbialite unit itself (Kershaw et al. 2002; Ezaki et al. 2003 Ezaki et al. , 2008 Lehrmann et al. 2003; Yang et al. 2006; Chen et al. 2009a) . Recently, this species has been found at the bottom of the microbialite unit in some sections (Liu et al. 2007; Jiang et al. 2014; Wang et al. 2016) , indicating that microbialite formation, at least in some areas, started in the earliest Triassic rather than the latest Permian. Of course, even though Hindeodus parvus first appears within the microbialites in some sections, this does not necessarily mean that the PTB lies within those microbialites. Sampling bias and taphonomy, affect the placement of the PTB in these unusual deposits. If one considers the microbialites to be an anachronistic facies, their appearance in the sedimentary record can reasonably be assumed to represent the onset of particular marine conditions, and thus can be approximately thought as isochronous. At Panjiazhuang section, several samples from the PTB interval were processed for conodonts, but unfortunately, none has been found. Given that the first occurrence of Hindeodus parvus is at the base of the microbialite unit in some sections (Liu et al. 2007; Jiang et al. 2014; Wang et al. 2016) , we consider that the PTB also lies at the base of the microbialites at Panjiazhuang section.
Sedimentary succession at Panjiazhuang section
The sedimentary succession at Panjiazhuang section begins with gray, thick-bedded limestones belonging to the Upper Permian Changxing Formation, of which only 3.4 m is exposed. The top of the Changxing Formation exhibits a distinctive purple-red weathering crust. Above this, more than three meters of microbialites are developed above the end-Permian mass extinction boundary (Fig. 2) . The microbialites at Panjiazhuang section are typical thrombolites; no stromatolites or dendrites are seen. The microbialites are overlain by thin-bedded micritic limestones intercalated with oncolites and thin-bedded shelly clastic levels.
Late Permian bioclastic limestone
Study of thin sections from the Panjiazhuang section reveals that the Changxing Formation is mainly composed of bioclastic limestone cemented by sparry calcite ( Fig. 3a) , suggestive of a turbulent shallow-water platform environment. Abundant foraminifera (Fig.  3b ) and calcareous algae (Fig. 3a) accumulated in the limestone. The dominant foraminiferal genera are Nodosinelloides, Ichthyofrondina, Geinitzina, Reichelina, Cribrogenerina, Globivalvulina, Palaeofusulina, whilst Gymnocodium, Permocalculus and Pseudovermiporella are the dominant calcareous algae. The presence of abundant calcareous algae indicates that the sea floor was within the euphotic zone. The foraminiferal assemblage is similar to those from shallow water platforms elsewhere in South China where Reichelina, Cribrogenerina, Palaeofusulina are also commonly found (Yang et al. 2016) . The distribution of foraminifera appears to be dependent on both water depth and substrate. Thus, the dominant taxa in Changhsingian limestones are usually Nodosaria and Glomospira, whilst Pachyphloia is more commonly found in contemporaneous siliceous mudstones, argillaceous siltstones and cherts (Gu et al. 2002) . It has been suggested that Globivalvulina, with its spherical test, possessed an ability to resist the force of water in turbulent environments (Zhang 2015) . The occurrence of Globivalvulina before and after the end-Permian mass extinction (Song et al. 2007; Luo et al. 2013) indicates that it was a genus with strong adaptability.
Early Triassic microbialites
Early Triassic microbialites are developed above an obvious hiatal surface that tops the Late Permian bioclastic limestone and marks the end-Permian mass extinction level. The microbialites are placed within the Daye Formation and are separated from the underlying limestones by a crust of red iron oxide residue near the extinction boundary, which is probably a result of subaerial weathering following the end-Permian regression.
The microbialites at Panjiazhuang section attain a total thickness of 3.4 m, and exhibit a typical thrombolitic structure with a micritic matrix surrounding sparry calcite clots (Fig. 4) . The micritic matrix contains sparse ostracod shells and microconchid tubes, while the sparry calcite clots often contain well-preserved, hollow, spherical microbial fossils (Fig. 5) . These fossils are generally interpreted as the remains of coccoidal microbes (Ezaki et al. 2003; Yang et al. 2011; Adachi et al. 2017) . The diameter of a single coccoid is about 30-40 μm, and assemblages of several coccoid microfossils appear in clusters. Similar spherical microfossils were also reported from the Laolongdong section in Chongqing, where they were compared to the extant epiphytic cyanobacterium Stanieria .
The South China microbialites record the development of an unusual ecosystem dominated by microbes in the aftermath of the end-Permian mass extinction. That crisis wiped out many of those benthic organisms that adapted to normal, shallow marine environments, whilst some anoxia-or high-temperature-tolerant organisms survived and even flourished in the harsh conditions, spreading into newly available ecological niches. Like other reported Early Triassic microbialites Liu et al. 2010; Yang et al. 2011; Crasquin and Forel 2014; Wu et al. 2016) , the metazoan fossils in this unit at Panjiazhuang section are dominated by ostracods, small gastropods and microconchid tubes (Fig. 6) . 
Micritic limestone with oncoids
The Early Triassic microbialite unit at Panjiazhuang section is overlain by micrites that also contain oncoids and shell beds (Fig. 7a-c) , all belonging to the Daye Formation. This unit records an increase in water depth and weakened hydrodynamics. It is noteworthy that thin-shelled bivalves occasionally appear within the micrite. These shells are typically deposited as broken fragments, suggesting that they are the product of event (e.g. storm) deposition. In contrast to the background deposits that have a micritic matrix, the shells within the shell beds are cemented by sparry calcite, consistent with periodic storm influence. Early Triassic storm sediments have been reported from many locations in South China ; c Field photo of the intercalated oncoidal limestone that we interpret to have been transported from a shallow platform setting; d Thin section photomicrograph of oncoids. The structure of most of these oncoids has clearly been destroyed during diagenesis with concentric laminae relics preserved only around some of the oncoids (marked with yellow arrows) (Zhang et al. 1987; Chen et al. 1991; Du et al. 1993) , but most of these were found at much younger levels within the Triassic than the storm layers at Panjiazhuang section. The discovery of storm deposits from the top of the microbialite unit at Panjiazhuang section indicates that unusually stormy climatic conditions began much earlier than previously thought. Additionally, multiple oncoid beds are also seen within the micrite. The depositional environment of these oncoids would have been much shallower than the micrites (Deng et al. 2017 ) and we interpret their presence to be the result of storm flow transportation. Although these oncoids have a clear structure in outcrop, microscopic study shows that their internal structure has been almost completely destroyed by diagenetic processes. Relics of irregular concentric laminae can still be seen around some of the oncoids (Fig. 7d) . The lack of a regular internal concentric structure within these oncoids may be due to their formation in shallow waters; their minerals are unstable in deep water environments and the dissolution of the original minerals in more offshore settings likely resulted in the disappearance of their concentric structure during the late stages of diagenesis.
Redox conditions
Pyrite framboid analysis is a useful proxy for ancient redox conditions. In modern environments, pyrite framboids form in the narrow iron-reduction zone developed at the redox boundary, but they cease growing in the more intensely anoxic conditions of the underlying sulfate-reduction zone (Wilkin et al. 1996; Wilkin and Barnes 1997; Suits and Wilkin 1998) . If bottom waters become euxinic (i.e. free H 2 S occurs within the water column), then framboids develop in the water column but are unable to achieve diameters much larger than 5 μm before they sink below the iron reduction zone and cease to grow (Wilkin et al. 1996) . Euxinic conditions are therefore characterized by populations of tiny framboids with a narrow size range, whereas dysoxic/weakly oxygenated seafloors produce framboid populations that are larger and more variable in size (Bond and Wignall 2010) . Several recent studies have applied the pyrite framboid technique to PTB sequences (Bond and Wignall 2010; Liao et al. 2010 Liao et al. , 2017 Li et al. 2016) , highlighting the complexity of redox conditions during and after the end-Permian mass extinction. The method assumes that measured framboids are synsedimentary, and are not formed during diagenesis, although recent research indicates that the influence of diagenesis on pyrite framboid sizes is minimal (Huang et al. 2019) . The presence of pyrite framboids in the PTB microbialites has been a topic of mixed interpretations. Some authors suggest that pyrite framboids in the PTB microbialites indicate deposition in shallow dysoxic waters (Liao et al. 2010 (Liao et al. , 2017 , whereas others infer oxic conditions prevailed during the deposition of the microbialites on the basis of the increased abundance and size of metazoan fossils, together with the low total organic carbon (TOC) and total sulfur (TS) contents at the Yudongzi section in Sichuan Province (Tang et al. 2017) . Using the modern Black Sea as a model, Kershaw (2015) suggested that pyrite framboids in the PTB microbialites may have originated below the redox boundary further offshore than the site of microbialite deposition before being transported onto the shelf during upwelling, where they became incorporated into oxygenated sediments. This would result in pyrite framboids providing a mixed signal for benthic redox conditions (Kershaw 2015) .
In this study, we chose several samples from 12 horizons in the Panjiazhuang section, and analyzed the abundance and diameter of pyrite framboids. No pyrite framboids were observed in the bioclastic limestone of the Upper Permian Changxing Formation below the mass extinction boundary (MEB). Above the MEB, the lower part of the microbialite unit contains only crystalline pyrite, and pyrite framboids remain absent. Abundant pyrite framboids were found from the upper part of the microbialite unit and within the overlying thin-bedded micritic limestone (Fig. 8) . There is no evidence that they were affected by diagenesis, and so we assume that they provide a realistic proxy for redox conditions.
The absence of pyrite in the Late Permian limestones indicates that well-oxygenated conditions prevailed prior to the end-Permian mass extinction. The lower part of the microbialite unit contains crystalline pyrite, but again the absence of pyrite framboids suggests that anoxia did not develop within the water column during the early stages of microbialite deposition. The occurrence of abundant pyrite framboids with mean diameters ranging from 7.83-14.18 μm from the upper part of the microbialite unit (Figs. 9 and 10) suggests that dysoxic conditions developed, with framboids forming both within the water column and the sediment (Wilkin et al. 1996) . Abundant framboids with mean diameter of 7.98 μm were found in the thin-bedded micritic limestone overlying the microbialite, again suggestive of dysoxic conditions (Wignall and Newton 1998; Figs. 9 and 10) . It is notable that the shelly and oncoidal interbeds within the micritic limestone do not contain framboids. It is interpreted to be the result of periodic storm deposition that briefly reoxygenated the sea floor.
Discussion
Sedimentary facies analysis of the Panjiazhuang section indicates that the deposition took place in a typical shallow carbonate platform environment between the Late Permian and the earliest Triassic. This contrasts with the nearby Meishan section, which comprises slope facies from the platform margin (Feng et al. 1997) . The nearby Huangzhishan section to the southeast of Changxing County was also considered to represent a shallow water platform environment (Chen et al. 2009b ), but calcareous algae at Huangzhishan section are much less abundant than those at Panjiazhuang section, suggesting that the former records a somewhat more offshore setting than the Panjiazhuang section. Although these three sections are all very close to each other, the major differences in their sedimentary facies imply a complex palaeogeographic pattern and facies distribution in the Lower Yangtze region from the Late Permian to Early Triassic. The thickness of the PTB microbialite unit varies across South China. This might be a function of the Early Triassic seas transgressing across more distal parts of the platform earlier than more proximal parts (i.e. of distance to the ancient land; Wang et al. 2019) , as well as the original water depth. If the rate of tectonic subsidence in South China was relatively stable at that time, then the thickness of the microbialites is predicted to be relatively greater in areas of moderate water depth. The Fig. 8 Back-scattered electron microscope images of pyrite framboids from the Panjiazhuang section. a-g Pyrite framboids in thin-bedded micritic limestone of the Early Triassic; h-l Pyrite framboids in the microbialite microbialite unit at Panjiazhuang section only attains a thickness of 3.4 m, which is relatively small compared to other manifestations, suggesting that the original water depth in this area may have been quite large. The formation of microbialites at Panjiazhuang section might have been terminated early in this relatively deep setting by the Early Triassic sea-level rise, since its growth depends on the photosynthesis of cyanobacteria. Microbialites would have continued to grow in shallower water settings. There is clear evidence for this sea-level rise at Panjiazhuang section. Thus, within the microbialite unit, in addition to the cyanobacteria, benthic organisms consist of small gastropods, microconchid tubes and ostracod fossils. Towards the top of the microbialite unit, thin-shelled fossils appear, and these dominate the fauna in the overlying thin-bedded micritic limestone, indicating that rapid sea-level rise terminated the formation of microbialites. Some of these shell fragments are cemented by sparry calcite, suggesting that the deeper water environment was periodically agitated by turbulent hydrodynamic activity. Storm deposition was likely responsible for the formation of shell beds in the micritic sediments because many of the long axes of the shells are near-perpendicular to bedding. Ultimately, it seems that rapid transgression and sea-level rise was responsible for the termination of microbialite formation in this region.
The increase in water depth during the Early Triassic transgression had implications for benthic oxygen levels. Fig. 9 Histograms showing the size-frequency distribution of pyrite framboids at Panjiazhuang section. MD = Mean diameter of the framboids (μm); SD = Standard deviation of framboid diameters within a single population; n = Number of pyrite framboids measured in each sample. Each histogram corresponds to the samples marked from a to e in section column of Fig. 10 , and each suggests the deposition under dysoxic conditions At Panjiazhuang section, the rapid deepening led to a decrease in oxygenation levels, as suggested by the appearance of abundant small pyrite framboids from the top of the microbialite and in the overlying micritic limestone. Previous studies have found abundant pyrite framboid populations from the lower parts of some PTB microbialites, suggesting that they formed under dysoxic conditions (Liao et al. 2010 (Liao et al. , 2017 . In contrast, the lower part of the microbialite at Panjiazhuang section does not contain pyrite framboids. The reason for these discrepancies is unclear, but the heterogeneity of marine chemistry may be a compounding factor. The formation of pyrite framboids requires not only hydrogen sulfide but also ferrous ions in the water column. An insufficient supply of these materials from the seawater is a possible reason for the absence of pyrite framboids in the lower microbialite unit at Panjiazhuang section. Previous studies have shown that calcified cyanobacteria tend to record very shallow water environments, whilst deeper water settings are not conducive to cyanobacterial calcification. Surprisingly, the microbialite in this section is rich in calcified cyanobacteria and the reason for this is unclear. It is possible that the palaeogeographic setting of this section resulted in it being more easily affected by the upwelling of the deep alkaline seawater due to its close proximity to the Panthalassan Ocean.
Conclusions
The microbialite unit observed at Panjiazhuang section in Changxing County, Zhejiang Province, South China formed on a shallow water carbonate platform in the aftermath of the end-Permian mass extinction. Abundant calcified cyanobacteria fossils and small gastropods, microconchid tubes and ostracods are the main components of this fossil community.
Thrombolite is the only type of microbialite in the study section, indicating the microbialite formed at slightly deeper water depths than the PTB stromatolites seen elsewhere in South China.
The occurrence of micritic limestones above the microbialite records a rapid deepening during the Early Triassic transgression. Rising sea levels caused a concomitant decrease in benthic oxygen levels and the formation of abundant small pyrite framboids. This deepening and decline in oxygen levels is interpreted to have terminated the formation of microbialites in this region.
Calcified cyanobacteria in the thrombolites at Panjiazhuang section are much more common than in other PTB microbialites in South China. We assume this is a function of proximity to the adjacent Panthalassan Ocean, which could have supplied alkaline deep waters to the region during upwelling. This water would have facilitated the calcification of cyanobacteria at Panjiazhuang section. 
